Oral mucosal tissue can serve as a long-term fluoride reservoir following topical application and retain a small amount of fluoride in oral environment for prevention of dental caries. The aim of this study was to determine the effect of low level sodium fluoride (NaF) on the proliferation and migration of epithelial cells in vitro. Human primary gingival epithelial cells and human epidermal HaCaT keratinocytes were used. Cultured epithelial cells, treated with various concentrations of NaF ranging from 5 μM to 500 μM, were investigated by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay, wound healing assay, invasion assay and quantitative real-time PCR. MTS assay revealed that fluoride added to human gingival epithelial cells elevated cell proliferation at a concentration of 5 μM or more. The wound healing assay and invasion assay confirmed this observation. Quantitative real-time PCR revealed that low concentration of NaF up-regulated fibronectin mRNA expression in fluoride-treated cells compared with controls. These results suggest that a low concentration of NaF is able to induce cell proliferation, migration, and matrix production in epithelial cells. Our results provide new information on epithelial cell adhesion and may thus aid in the understanding of periodontal physiology.
Several cell types have been identified within gingival connective tissue, and gingival fibroblasts, which account for most connective tissue cells, are likely to be responsible for the constant functional adaptation of gingival connective tissue (15) . The structural composition of the epithelial-connective tissue interface is influenced by interactions between epithelial cells and fibroblasts. Although both tissues maintain a harmonious relationship under normal and diseased conditions, the characteristic differences between them remain largely unknown. Fluoride has long been recognized as one of the best public health measures in the prevention of dental caries (9) . It also has a potential role in the prevention of osteoporosis (14) . However, acute or chronic exposure to high fluoride concentration results in enamel (4) and skeletal fluorosis (1), renal toxicity (31) , and epithelial lung cell toxicity (28) . Fluoride is present in natural fresh water and a concentration of 1.6-1.8 ppm in drinking water is the threshold for the risk of dental fluorosis in the population (29) . Fluoride ingestion between the ages of 15 and 30 months may be the main cause for fluorosis of the esthetically important central incisors in humans (6, 7) . The concentration of fluoride that cells are exposed to appears to be a critical factor in determining any changes in behavior that may occur. Gibson and co-workers used organ culture to show that 2 mM fluoride affected the Rho/ROCK signal transduction pathway, resulting in elevated F-actin in ameloblasts (22) . Millimolar levels of fluoride were sent. Briefly, the gingiva was treated with 0.025% trypsin and 0.02% EDTA overnight at 4°C and epithelial and fibroblast cells were isolated. The cell suspension was centrifuged at 120 × g for 5 min, and the pellet was suspended in medium for epithelial cells containing 0.4% V/V bovine pituitary extract, 10 μg/mL insulin, 0.1 ng/mL hEGF, 0.5 μg/mL hydrocortisone, 50 μg/mL gentamicin and 50 ng/mL amphotericin B (HuMedia-KG2; KURABO, Tokyo, Japan) and human epidermal HaCaT keratinocytes (kindly provided by Prof. Yoshihiro Abiko, Health Sciences University of Hokkaido, Japan) in Dulbeco's modified eagles medium (DMEM)/10% fetal bovine serum (FBS). The cells were seeded in 60-mm plastic tissue culture plates and incubated in 5% CO 2 /95% air at 37°C. When the cells reached sub-confluence, they were harvested and sub-cultured.
Cell proliferation assay. Cultured cells were harvested from 80% confluent monolayer cultures by a brief trypsinization with 0.1% trypsin and 0.1% EDTA. The cells were seeded at a density of 5,000 cells (primary gingival epithelial cells), and 3,000 cells (HaCaT) per well of 96-well tissue culture plates and cultured for 24 h in the regular medium. The medium was replaced with serum-free medium for 24 h and then treated with medium supplemented with NaF at final concentrations of 5, 50, or 500 μM (0.095 ppm, 0.95 ppm, or 9.5 ppm F). Cell proliferation was assessed by MTS assay at 24 and 48 h after treatment. Cell Titer 96 ® Aqueous One Solution Reagent (Promega, Madison, WI, USA) was added directly to each well, incubated for 2 h and the absorbance at 490 nm was measured using a microplate reader.
Wound healing assay. To evaluate cell motility with NaF, a wound healing assay of epithelial cells was performed. Cultured cells were harvested from 80% confluent monolayer cultures by a brief trypsinization with 0.1% trypsin and 0.1% EDTA. The cells were seeded at a density of 2 × 10 5 of 3.5-cm culture dishes. Cells were grown to confluency in regular medium for 2 days. The regular medium was then replaced with the serum-free medium. After 24 h, an artificial wound was carefully created, using a pipette tip to scratch the confluent cell monolayer to make a cell-free area. The medium was removed, washed twice and the medium was replaced by medium supplemented with NaF at final concentrations of 0, 5, 50, and 500 μM. Cells migrating into the scraped area were observed and photographs were taken after 24 h. In each experialso found to induce endoplasmic reticulum stress, apoptosis, and caspase-mediated DNA fragmentation in enamel organ epithelial-derived cell line (LS8) (19) . It was reported that the toxicity on a SmulowGlickman human gingival epithelial cell line was first observed at an exposure to 1 mM sodium fluoride (NaF) for 24 h (32). Although the sensitivity to fluoride differs with the kind of cell and donor's age, it is true that a fluoride more than mM level has the toxicity to human cells. These previous studies made us investigate the effect of NaF at concentrations ranging from 5 μM to 500 μM on human epithelial cells, focusing on cell proliferation and migration. It is well known that epithelial cells act as biochemical and physical barriers for protecting mucosal integrity when faced with microorganisms and toxic products (25) . The present study provides additional information that complements previous studies on the effect of fluoride on epithelial cells. In gingival wound healing, epithelial cells cover the wound space at the phase of re-epithelialization. During re-epithelialization, migrating keratinocytes express fibronectin containing Extra Domain A (EDA + fibronectin) and laminin-5 (12). Fibronectin is a high-molecular weight extracellular matrix glycoprotein involved in not only the wound healing process, but also cell adhesion, growth, migration, and differentiation. Laminin is also one of the extracellular matrix proteins and the major non-collagenous component of the basal lamina. There is little information on the molecular-based characteristics of the oral gingival epithelium, and no reports to date have described their profiles in relation to NaF. Therefore, in an attempt to clarify the effect of fluoride on epithelial cells, we examined the behavior of human epithelial cells cultured in fluoridated medium. We monitored different parameters reflecting cellular physiology: proliferation, migration, invasion, and matrix production at the level of gene expression. We found that epithelial cells exposed to low concentration fluoride show increased cell proliferation, motility and adhere to fibronectin and laminin-5. These findings, in association with those of previous studies, imply that fluoride exposure to epithelial cells should be limited to the μM level.
MATERIALS AND METHODS

Preparation of cells.
Human primary gingival epithelial cells were prepared from healthy gingival tissues from donors (n = 3) with their informed con-Statistical analyses. Statistical analysis was done by one-way ANOVA and Dunnett's Test. A P value of less than 0.05 (*) was considered significant, 0.01 (**); highly significant.
RESULTS
Cell Proliferation
Exposure of epithelial cells (HaCaT and primary gingival epithelial cells) to different concentrations of NaF, for 48 h, had a significant effect on cell proliferation (P = 0.0215 for HaCaT and P = 0.004 for primary gingival epithelial cells) (Fig. 1A and B) . Lower concentrations of NaF promoted epithelial cell proliferation with the peak at 50 μM. The higher levels of NaF (higher than 500 μM) drastically reduced cell proliferation (Fig. 2) .
Wound Healing Assay
HaCaT cells were used to study cell motility and migration using an in vitro wound healing assay. NaF-non-treated HaCaT cells showed delayed closure than 50 μM NaF-treated cells (Fig. 3A) . At 24 h, 50 μM NaF-treated cells had significantly more motility and migrational movements (63.3 ± 5.7%) than the non-treated cells (78.6 ± 7.6%; P = 0.0019) (Fig. 3B) .
In vitro Invasion assay
To explore whether NaF enhanced epithelial cell invasion, HaCaT cells were examined in invasion assay. Twenty-four hours after treatment, the numbers of invading cells slightly increased with the addition of NaF. The number of 5 μM NaF-treated cells invading into the matrigel was significantly higher (39.8 ± 10.4 cells per well) than that of non-treated cells (30.8 ± 5.9 cells per well, P = 0.0381) (Fig. 3C) .
Quantitative real-time PCR RNA purified from fluoride-treated cells or nontreated cells was subjected to real-time PCR assay. The difference between the fluoride-treated sample and the control was significant (P < 0.05, n = 3). Fibronectin mRNA expression was 2.64-fold upregulated in 50 μM fluoride-exposed cells compared with the non-treated cells. Laminin-5 expression was increased in 500 μM fluoride-treated cells (Fig. 4) .
Measurement of fluoride concentrations
The rate of NaF concentrations in culture supernatants after 24 h fluoride exposure was reduced to 2.8% (for 5 μM), 6.2% (for 50 μM), and 7.8% (for 500 μM). ment, wound closure was measured at six marked sites per dish, by inverse light microscopy with a grid reticule in the eyepiece of the microscope. Wound closure was quantified as percentage of the starting distance of the wound edges. All experiments were repeated three times on separate days for each condition. Data are presented as the mean ± standard deviation of three independent experiments, performed on separate days.
In vitro invasion assay. A modified Boyden chamber assay was performed to examine the in vitro invasion of NaF-treated cells. Cell culture inserts (pore size 8 micron) with a thin layer of matrigel basement membrane matrix (BD Biosciences, Bedford, MA, USA) were placed in the wells of 24-well tissue culture plates. Cells were suspended in 500 μL of serum-free medium at a density of 2.5 × 10
4 per well and placed in the upper part of the chamber. The lower part of the chamber was filled with serum-free medium with NaF. After 12 or 24 h incubation at 37°C, the filters were carefully removed from the inserts, and stained with hematoxylin for 2 min. The stained cells were mounted on microscope slides and counted under magnification (randomly selected high-power fields). The counting was performed in five fields in each sample, and the mean values from three independent experiments were used.
Quantitative real-time PCR. In total, 1 mg of total RNA extracted (RNeasy Mini Kit; Qiagen KK, Tokyo, Japan) from cells were reverse-transcribed using High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA). One-hundredth aliquot of the cDNA was subjected to real-time RT-PCR using TaqMan Gene Expression Assays (Applied Biosystems) for fibronectin (Assay ID Hs00277509_m1) and laminin-5 γ2 chain (Assay ID Hs00194333_m1), and pre-developed TaqMan Assay Reagents (Applied Biosystems) for β-actin served as an internal control. More than three independent measurements were averaged and relative gene expression levels were calculated as a ratio to β-actin expression of each cell.
Measurement of fluoride concentrations.
Fluoride concentrations in cell culture supernatants after 24 h exposure were measured by the ion-selective electrode method (ORION Research, Inc., Beverly, MA, USA). TISAB II was used for total ionic strength adjustment buffer.
ies of osteoblasts, where μM levels of fluoride were shown to increase cell proliferation through enhanced tyrosine kinase activity (2, 8) . Thaweboon and co-workers reported a biphasic effect of fluoride at mM fluoride levels in dental pulp cells (27) . Lower concentrations of fluoride promoted the proliferation of cells of the epithelial ameloblast-lineage, with the peak around 16 μM NaF (30) . We found a statistically significant effect of fluoride on epithelial cells, as analyzed by proliferation assay, invasion assay or comparing extracellular matrix by real-time PCR. Our results show that fluoride added in cell-culture medium of human epithelial cells provoked specific modifications of cell proliferation at a concentration of 5 μM or more. The 5 mM fluoride level clearly reduced the cell growth (Fig. 2) . Oguro et al. reported a growth inhibitory effect of fluoride on established cell lines at concentrations of about 20 ppm (depending on cell strains), with a complete inhibition at 40-60 ppm concentrations (24) . Our observations are in agreement with these data, suggesting that the sensitivity of the human epithelial cells to fluoride is similar to that of other cell lines (e.g., HeLa cells, kidney fibroblasts, gingival fibroblasts) (18, 26) . Our data showed that lower fluoride concentrations (μM) stimulate cell growth and this was confirmed by flow cytometry analysis (our unpublished data). In addition, a low level of NaF did not show apoptotic characteristics in three primary gingival epithelial cells (our unpublished data).
We have established a model system to study the molecular effects of fluoride on the epithelium, using MTS assay, wound healing assay, invasion assay, and quantitative real-time PCR analysis. The hypothesis tested was that low level of NaF affects
DISCUSSION
The major findings of this study were as follows: 1) lower concentrations of fluoride promoted the epithelial cell proliferation; and 2) there was significantly more motility and migrational movements with fluoride-treated cells and fibronectin and laminin-5 mRNA expression was increased in these cells. Duckworth and Morgan have shown that oral mucosal tissue can serve as a long-term fluoride reservoir following topical application and, thereby, maintain a degree of protection against dental caries for a prolonged period (5) . The effects of fluoride on cells (human gingival fibroblast, human epithelial lung cells) were highly concentration-dependent. We found that even a low level of fluoride had an effect on cell proliferation of human epithelial cells. The enhancement of cell proliferation at lower fluoride concentrations was similar to that reported in stud- matrix assembly, such as fibronectin and laminin-5, leading to motility in epithelial cells. Fibronectin is considered to be a molecular switch that regulates matrix assembly, cell proliferation and gene expression. Our real-time PCR analysis demonstrated that low-concentration NaF up-regulated fibronectin mRNA expression in the fluoride-treated cells compared with controls, suggesting that low-concentration NaF can have a targeted effect on fibronectin expression, rather than a general effect on protein synthesis. NaF at 1 ppm stimulated proliferation, alkaline phosphatase activity and collagen synthesis in dental pulp cells (23) . Bone is also affected by fluoride and a variety of cellular mechanisms have been proposed to explain increased bone formation during fluoride (< 2 ppm) treatment, which involves the MAPK mitogenic pathway (8, 21) . There is currently little information about matrix assembly in epithelial cells during fluoride treatment. Our data revealed that NaF at low concentration invariably increases fibronectin in epithelial cells. Human gingival epithelial cell expresses several laminin-binding integrin receptors (15) (16) (17) 20) . During the healing of mucosal wounds in vivo, oral keratinocytes first secrete laminin-5 into their extracellular matrix, and start to deposit matrix-bound laminin α5 chain only after they have stopped migrating (3, 12) . Less data are presently available on the expression and functions of laminin in cultured 4 NaF increased fibronectin and laminin expression in epithelial cells. Fibronectin mRNA was up-regulated in 5 μM and 50 μM NaF-treated cells compared with control, whereas laminin mRNA was increased only in 500 μM NaFtreated cells. Relative mRNA levels were calculated as the ratio to that of β-actin, and each bar represents the mean ± standard deviation for at least three independent experiments.
epithelial cells. Our present results, supported by previous findings, suggest that cultured human epithelial cells exposed to NaF produce laminin-5. In wound healing and many pathologic conditions, keratinocytes are activated to become migratory and hyper-proliferative cells that produce and secrete extracellular matrix components and signaling polypeptides. At the tooth-epithelium interface, epithelial cells deposit only laminin-5 into their extracellular matrix (10, 11) , and our present in vitro findings show that this is the case also in cell culture. The relationship of such findings to the in vitro expression of laminin in epithelium remains a subject of further studies. We measured the extracellular fluoride concentration in cells exposed to 5-500 μM fluoride for 24 h, by using the ion-selective electrode method. We found a slight difference in the extracellular fluoride concentration between NaF-treated cells and control cells, and therefore assume that fluoride may affect cells by crossing the plasma membrane, or may interact with certain cell surface molecules to modulate its extracellular events. Our results demonstrated that NaF is incorporated into the epithelial cells, but it remains unclear whether the incorporation and excretion change during the process. Further studies are needed to identify the proteins involved in fluoride signaling and to determine the role of these molecules in fibronectin expression by epithelial cells. In summary, our data suggest that low concentration NaF is able to induce cell motility, migration, invasion and matrix production in epithelial cells. Any effect of fluoride on intracellular signaling processes might also be expected to influence cells to a greater extent. Additional data are needed to analyze the mechanisms of this induction.
